frequency renormalization, can be interpreted as the density of states of the diffusion modes and therefore controls the contribution of the diffusion modes to the specific heat C V È (zn)T (21, 22) . Hence, in the critical regime C V È T 1jz . (The fact that C V must vanish as T Y 0 constraints the exponent z G 1.) Furthermore, the Pauli spin susceptibility c in the disordered electron liquid has the general form c È (zn)(1 þ g 2 ) (11, 12) . Apart from the Stoner-like enhancement of the g factor, (1 þ g 2 ), it is proportional to the renormalized density of states z. The enhancement of z near the QCP implies that the spin susceptibility diverges as c È 1/T z , whereas the spin diffusion coefficient D s 0 D/z(1 þ g 2 ) scales to zero. At the fixed point, the g factor remains finite, and therefore the divergence of the spin susceptibility is a priori not related to any magnetic instability. In the large-n v limit, we find that no terms of the order t 2 are generated in the equation for z dlnz=dx 0 tQ ð6Þ
Therefore, we get for the critical exponent z , 0.27, which is noticeably smaller than 1.
We propose that the existence of the QCP explains the anomalous enhancement of the spin susceptibility that has been observed near the MIT in Si-MOSFETs with different critical densities (5, 6) . Additionally, an important consequence of this theory is that the compressibility¯n/¯m is regular across the transition, in agreement with the experiments in p-GaAs (23, 24) .
In the insulating phase, the parameter t diverges at a finite scale x c , indicating the onset of strong localization. Because the t 2 term in Eq. 5 is negative, it forces the interaction amplitude Q to vanish in the insulating phase. It can be shown that the parameter z is finite at the scale x c . The vanishing of the interaction amplitude Q and a finite value of z make the insulating phase similar to the Anderson insulator.
On the metallic side, a state with decreasing resistance t Y 0 and enhanced amplitude Q Y V is stabilized by the electronic interactions as T Y 0 in the large-n v limit. It can be shown within this solution that z È 1/t, implying that the quasi-particle diffusion coefficient defined as D qp 0 D/z (22) behaves regularly in the metallic phase. Deep in the metallic phase, the enhancement in c will be observed only at exponentially small temperatures. This holds even in the case of finite n v , because the scale T* at which the RG Eqs. 1 and 2 become uncontrolled is immeasurably small even for n v 0 2. The question of the existence of the QCP at finite n v is distinct from the problem of the divergence of the parameter g 2 at T 0 T*, because the two phenomena occur in different parts of the phase diagram.
A description of the MIT is obtained within the two-loop approximation in the limit of a large number of degenerate valleys. Although the properties of the thermodynamic quantities in the critical region are obtained in the large-n v limit, it captures the generic features of the MIT for any n v . Our solution gives a physical picture that is in qualitative agreement with the experimental situation. In particular, it is shown that the point of the MIT is accompanied by a divergence in the spin susceptibility, whose origin is not related to any magnetic instability.
The Promotional Effect of Gold in Catalysis by Palladium-Gold
Mingshu Chen, Dheeraj Kumar, Cheol-Woo Yi, D. Wayne Goodman* Acetoxylation of ethylene to vinyl acetate (VA) was used to investigate the mechanism of the promotional effect of gold (Au) in a palladium (Pd)-Au alloy catalyst. The enhanced rates of VA formation for low Pd coverages relative to high Pd coverages on Au single-crystal surfaces demonstrate that the critical reaction site for VA synthesis consists of two noncontiguous, suitably spaced, Pd monomers. The role of Au is to isolate single Pd sites that facilitate the coupling of critical surface species to product, while inhibiting the formation of undesirable reaction by-products.
Mixtures of Pd and Au are used as catalysts for a number of applications (1-4), including hydrogen fuel cells (5) and pollution control (6) . The addition of Au to Pd can greatly enhance Pd_s overall catalytic activity, selectivity, and stability; however, the promotional role of Au has not been elucidated. Here, acetoxylation of ethylene to vinyl acetate (VA) was selected as a probe reaction of Pd-Au bimetallic surfaces. Acetoxylation of ethylene on Pd-Au bimetallic silica-supported catalysts promoted with potassium acetate (KOAc) is a well-established commercial route for the synthesis of VA (1, 3, (7) (8) (9) (10) (11) (12) , given by the following reaction
The nature of the key reaction intermediates, the mechanism, and the active ensemble are still unresolved. A critical ensemble consisting of several Pd atoms has been suggested as the reactive site for VA synthesis (13) . Here we present evidence that the rate of VA formation is significantly enhanced on Pd/Au(100) compared with Pd/Au(111), implying that the critical reaction site for VA synthesis consists of two noncontiguous, suitably spaced Pd monomers. This structure-activity relation provides insights into the elementary steps in- volved in the oxidative coupling of ethylene and acetic acid to form VA and shows that the promotional role of Au is to isolate Pd monomer sites, thereby preventing undesirable pathways to CO, CO 2 , and surface carbon. This discovery should aid in the optimization of existing VA synthesis catalysts and motivate the synthesis of single-phase Pd-Au alloy catalysts with specific surface morphologies. VA synthesis was carried out on Pd/ Au(100) and Pd/Au(111) at 453 K (14) . Pd atoms were evaporated onto clean Au surfaces from a filament source and then annealed at 550 K for 10 min. The rate of VA formation is expressed as a turnover frequency (TOF) or as the number of VA molecules produced per surface active site per second. Because the VA formation rate on an Au-only surface is negligible compared with the rate on a Pd/Au surface ( fig. S1 ) (14) , the catalytic active site is assumed to consist of surface Pd atoms. The VA formation rate is computed based on the initial Pd coverage and estimated using the Auger electron spectroscopy breakpoint method (14) . Plots of the VA formation rate of Pd/Au surfaces as a function of the Pd coverage are shown in Fig. 1 . The rate (TOF) on the Au(100) surface increases significantly with a decrease in the Pd coverage until a maximum is reached at a Pd coverage of È0.07 monolayers (ML, defined as one Pd atom per substrate Au atom). The corresponding VA formation rates for Pd on Au(111) rise steadily as the Pd coverage is decreased; whereas at all Pd coverages, the rates on Au(111) are significantly lower compared with the rate for the corresponding Pd coverage on Au(100). The higher VA formation rates observed at relatively low Pd coverages ( Fig.  1 and fig. S1 ) are consistent with isolated Pd sites, that is, Pd monomers (Fig. 1, schematic   inset 
The formation of surface Pd monomers for Pd/Au(100) and Pd/Au(111) was confirmed by measuring the adsorption of carbon monoxide (CO) accompanied by infrared reflection absorption spectroscopy (IRAS). Intense CO vibrational features between 1900 and 2000 cm j1 , corresponding to CO adsorption on twofold bridging and/or threefold hollow sites (15) (16) (17) , were observed for multilayer Pd on Au(100) and Au(111) deposited at or below room temperature (Fig. 2 and fig. S4 ). These data are evidence for the formation of Pd overlayers on Au(111) or Au(100), in agreement with previous studies (18, 19) . Upon annealing Pd/Au(100) or Pd/Au(111) at 600 K, the CO features in the IRAS data corresponding to bridging and/or threefold hollow sites disappear, and the intensity of the features corresponding to atop sites between 2080 and 2125 cm j1 increases significantly. These data demonstrate that contiguous surface Pd ensembles are eliminated upon annealing, leaving exclusively isolated Pd sites or monomers, i.e., Au 4 Pd on Au(100) and Au 6 Pd on Au(111) (Fig. 1, schematic) . The formation of surface Pd monomers on Au(111) has been observed by scanning tunneling microscopy (20) . Furthermore, after heating to 500 K, a significant decrease in the surface Pd coverage on Au(111) was observed by low-energy ion scattering spectroscopy (LEISS) (18) . A maximum in the density of Pd monomers should occur at 0.5 ML Pd on Au(100) and at 0.33 ML Pd on Au(111), coverages which correspond to the Au(100)-c(2 Â 2)-Pd and Au(111)-( ffiffi ffi 3 p Â ffiffi ffi 3 p )R30--Pd structures, respectively ( fig. S1 , inset). However, no such well-ordered surface structures were observed, likely because Pd and Au are completely miscible over the entire range of compositions; i.e., bulk diffusion of Pd occurs. The much lower surface energy of Au also favors surface enrichment by Au (21) . A Pd-Au film composed of an equimolar mixture of Pd and Au was shown to have a surface Pd coverage of 0.2 ML and to exhibit exclusively monomeric Pd sites as determined by LEISS and IRAS after annealing to 700 K (22) .
The surface coverage of Pd on Au(100) or Au(111) after annealing increases continuously with Pd deposited, as seen by the concomitant increase in the ratio of Pd relative to Au by Auger electron spectroscopy (AES) and LEISS (21, 23) . If each surface Pd atom can serve as an active site for VA synthesis, then the VA formation rate (TOF) per Pd should increase steadily with an increase in the Pd coverage up to 1 ML. However, the data in Fig. 1 show a maximum rate (TOF) at È0.07 ML, followed by a marked decrease with increasing Pd coverage from 0.07 to 1 ML for Pd/Au(100) and a continuous decrease over the entire coverage range for Pd/Au(111). For both surfaces, there is an increase in the reaction rate ( fig. S1 ), with an increase in the Pd coverage from 0 to 0.1 ML followed by a gradual decline in the rate from 0.1 to 1.0 ML, eventually approaching the rate observed for Pd(100) at 1.0 ML. These results strongly implicate isolated Pd sites, i.e. monomers, as catalytically active sites on Au(100) and Au(111) for VA synthesis (figs. S2 and S3).
For Pd/Au(111), the monotonic increase in the TOFs for VA formation in Fig. 1 with decreasing Pd coverage is consistent with iso- 2 . IRAS spectra for CO adsorption on Pd/ Au(100) and Pd/Au(111) surfaces at 100 K showing the presence (300 K anneal) and absence (600 K anneal) of contiguous Pd sites. The Pd/ Au(100) and Pd/Au(111) surfaces were prepared by depositing 4 ML of Pd at 100 K, then annealing to 300 and 600 K, respectively, for 10 min. The annealing temperatures are indicated on each spectrum. lated Pd atoms being active catalytic sites. However, the sharp maximum in the data for Pd/Au(100) in Fig. 1 at a Pd coverage of È0.07 ML suggests that a pair of noncontiguous Pd sites, i.e., a pair of Pd monomers (as indicated in the inset of Fig. 1 ), is much more effective for VA formation than is a single isolated Pd site (fig. S5 ). The differences in VA synthesis activities between Pd/Au(100) and Pd/ Au(111) then merit discussion. The reaction mechanism for VA synthesis remains uncertain; however, two pathways have been proposed: (i) adsorption and subsequent activation of ethylene to form a vinyl species that then couples with a coadsorbed acetate species to form VA (7), and (ii) adsorbed ethylene reacts with an adsorbed acetate nucleophile to form an ethyl acetate-like intermediate, which then undergoes a b-H elimination to form VA (8) . Scavenging of the hydrogen with oxygen occurs to complete the reaction.
Both mechanisms assume that the coupling of a surface ethylenic species and acetate to form VA is the rate-limiting step (7, 8, 13 ). An illustration of a possible coupling reaction between a surface ethylenic and acetate species using a pair of Pd sites is shown in Fig. 3 . Support for the insertion of ethylene into an adsorbed acetate species followed by b-H elimination as the rate-limiting step for VA formation is found in recent experimental results of Tysoe et al. (24) . The presence of a pbonded ethylenic and a bidentate acetate species on Pd monomers is supported by ancillary high-resolution electron energy loss (HREEL) data (figs. S6 and S7). On the basis of bond lengths of the parent molecular species, the optimum spacing between two active sites for coupling the reacting species is estimated to be È3.3 ). On the Au(100) surface, the spacing between two neighboring Pd monomers is 4.08 ) (Fig. 1, inset) , which is acceptably close for coupling of the adsorbed surface species. However, on the Au(111) surface, the nearest distance between two noncontiguous Pd monomers is 4.99 ) (Fig. 1, inset) , which is much larger than the ideal 3.3 ), yielding as a consequence a much lower rate of VA formation compared with Pd/Au(100). The maximum VA synthesis rate on a pair of Pd monomers on Pd/Au(100), calculated by assuming that the ratio of Pd monomer pairs to the total Pd coverage is 6% ( fig. S5 ), is almost two orders higher than that for an isolated Pd site. Much larger Pd ensembles have been predicted as a prerequisite for carrying out VA synthesis (13) . The data presented here show that larger Pd ensembles are not required and that larger ensembles containing contiguous Pd atoms are much less efficient than a properly spaced pair of Pd monomers.
The significantly higher VA formation rate at Pd monomer sites could be explained by alloying (electronic), strain, and/or ensemble effects. With respect to an electronic effect, the chemisorptive properties of a metal overlayer on a dissimilar metal can differ dramatically from those of the parent bulk overlayer metal (25) . For example, the adsorption energies and dissociative reaction barriers of small molecules such as CO have been correlated with changes in the electronic properties of certain alloy overlayers (26) . However, for a Pd-Au alloy, the lattice strain is minimal with only a 4% lattice mismatch between a relaxed Pd overlayer and an Au(100) or Au(111) surface. Furthermore, the work functions for Au and Pd are very similar (5.3 versus 5.6 eV, respectively) and the electronegativities are identical (1.4). X-ray photoelectron spectroscopy core-level data imply very limited charge transfer between Pd and Au in Pd-Au alloys (18) . Altogether, these data, the similar CO chemisorptive properties (27) , and the identical activities for acetylene cyclotrimerization to benzene (19) of a monolayer of Pd on Au(111) compared with Pd(111) are consistent with minimal electronic and strain effects in a Pd-Au alloy.
The most plausible explanation for the unusually high activity of a Pd monomer for VA formation is an ensemble effect; i.e., the formation of Pd monomers inhibits the formation of undesirable by-products, CO, CO 2 , and surface carbon (figs. S8 and S9). Ancillary adsorption experiments show that ethylene binds less strongly to a Pd monomer compared with contiguous Pd atoms ( fig. S10 ), whereas VA bonds weakly to Pd monomers and contiguous Pd sites. Furthermore, the addition of Au to Pd significantly suppresses carbon deposition via reactant and product decomposition (28, 29 
